Radiative cooling is a passive cooling method by emitting heat to outer space without energy input. In this work we propose a cost effective double-layer coating embedded with nanoparticles for both nighttime and daytime radiative cooling. The top and bottom layers are acrylic resin embedded with titanium dioxide and carbon black particles, respectively responsible for reflecting the solar irradiation and emitting the heat in the atmospheric transparency window. The carbon black layer is considered as the black substrate. For the top layer, different sizes of titanium dioxide particles are examined, and 0.2 µm radius is found to give the best cooling performance.
INTRODUCTION
Cooling represents a significant sector of energy consumption. Radiative cooling, as a passive cooling method, can cool a structure without energy input. It utilizes the fact that the atmosphere is nearly transparent in the "sky window" between 8-13 µm, which allows for the emission of thermal radiation in this range from the surface to outer space.
Radiative cooling has been investigated for a long time, and many previous works have achieved nighttime cooling. However, the largest cooling power demand usually occurs at daytime under the direct sunlight, and the coolers need to have both high emissivity in the "sky window" and high reflectivity in the solar spectrum, which are difficult to achieve simultaneously. Several methods have been used to achieve night-time or day-time cooling effects. The first approach is to use materials of selective radiative properties. Selectively infrared emitting gases, such as ammonia (NH 3 ), ethylene (C 2 H 4 ), and ethylene oxide (C 2 H 4 O), which have high emissivity in the "sky window", are used for radiative cooling [1] [2] . Some other materials including polyvinyl-fluoride plastic film and silicon monoxide film on aluminum also show good performance as selective emitters [3] [4] . The second approach is to use periodic nanostructures [5] [6] [7] [8] [9] including photonic crystals and metamaterials due to the advancements of fabrication technologies in recent years. A daytime radiative cooler was proposed to have a good cooling performance by numerical simulation [8] . It consists of two thermally emitting photonic crystal layers, below which lies a broadband solar reflector. An integrated photonic solar reflector and thermal emitter were fabricated and experimentally demonstrated for radiative cooling under direct sunlight for the first time by the same group [9] . However, the nanostructures used in these works are complicated and expensive, which will limit their large scale applications. The third approach, which is more scalable, is to embed micro/nano-particles in a matrix to form a coating or cover of selective radiative properties [10] [11] [12] [13] [14] [15] [16] [17] . In some works [11] [12] [13] [14] [15] , a cover foil made of particle embedded polyethylene was designed to have high reflectivity in the solar spectrum and high transparency in the "sky window". These two requirements are usually in conflict with each other, requiring some compromise in the design. Meanwhile, in order to obtain good cooling performance, the emitter underneath needs to have high emissivity in the "sky window". Some other works [16] [17] have focused on both the thermal and esthetic performance that require high absorptivity in the visible range, limiting their performances for daytime cooling. A cost effective and scalable radiative cooler design for daytime radiative cooling still needs further exploration.
In this work, we propose a cost effective double-layer coating embedded with particles for both nighttime and daytime radiative cooling. The two layers are acrylic resin embedded with titanium dioxide and carbon black particles, respectively responsible for reflecting the solar irradiation and emitting the heat in the "sky window". In this way, regardless of how small the emissivity of the original surface in the "sky window" is, daytime cooling can be achieved after coating with these two layers, which is superior to previous cover designs [11] [12] [13] [14] [15] . The spectral radiative properties of the double-layer coating are calculated numerically, considering the effects of the particle size, particle concentration, and the coating thickness. Then, the cooling power is analyzed at both daytime and nighttime.
THEORY AND MODELING METHODS
Selective radiative properties of the particle embedded coating are crucial for the radiative cooling application. The direct method to calculate the spectral radiative properties is to solve the Maxwell's equations, since the particle size is comparable to the incident wavelength and the wave effect should be considered. However, this calculation is too time-consuming to be practical for our system. Here we seek an alternative way. First, the electromagnetic wave theory is used to calculate the radiative properties of a single particle. Assume the scattering behavior of each particle embedded in the coating is independent of the others for the low particle volume fraction considered in this work, the radiative properties of the particle embedded coating including absorption coefficient, scattering coefficient, and scattering phase function are readily calculated. Then, the obtained radiative properties are used to solve the Radiative Transfer Equation (RTE) to calculate the spectral reflectivity and emissivity of the coating. This approach has a good accuracy and is much more efficient than solving the Maxwell's equations directly [16] [17] . Finally, the cooling power of the coating under different conditions is evaluated.
Materials Selection
As shown in Fig. 1 , our coating has a double-layer structure for daytime radiative cooling. The bottom layer designed to have high emissivity in the "sky window" in order to output heat from the surface. The top layer is used to reflect solar energy and needs to have high reflectivity in the solar spectrum. At the same time, it needs to have low reflectivity in the "sky window" in order not to reflect back the infrared emission by the bottom layer. Figure 1 Sketch of a functional double-layer coating used for daytime radiative cooling
In order to achieve high reflectivity in the solar spectrum, the particle material needs to have a large bandgap so the solar irradiation will not be absorbed; meanwhile, the particle material needs to have a high refractive index. If the particle size is properly chosen, high reflectivity in the solar spectrum and low reflectivity in the "sky window" can be obtained simultaneously, since the particle size that effectively reflects solar irradiation is usually much smaller than the long wavelength of the "sky window" radiation, hence the particles do not significantly scatter photons in this range. Titanium dioxide of rutile phase is not absorptive in most of the solar spectrum and has high refractive index in the spectrum [18] . It is chosen as the particle material for the top layer. The particles are embedded in acrylic resin because of the high transparency of acrylic resin in the whole considered spectrum range.
For the bottom layer, the only requirement is high emissivity in the "sky window". Carbon black is a good choice for its high absorptivity and abundancy. It behaves like a blackbody in absorbing radiative energy [19] . The carbon black particles can be either embedded in the acrylic resin or simply sprayed on the bottom surface of the top layer to form the second layer, which is used for emitting heat in the "sky window". For simplicity it is considered as a black boundary of the top layer in this work. The radiative properties of a single spherical particle of radius r, interacting with an electromagnetic wave of wavelength λ, are governed by two independent nondimensional parameters: complex index of refraction m = n -ik, and size parameter x = 2πr/λ. Figure 2 shows the spectral complex index of refraction of TiO 2 of rutile crystal structure in the range of 0.3 -26 µm [18] . Since the structure cannot be treated as a cubic crystal, there are pronounced polarization effects. Therefore, two spectral optical constants which are respectively corresponding to the parallel and perpendicular polarization, referring to the radiation electrical filed parallel and perpendicular to the c axis of the crystal, are given in Fig. 2 . In this work, since the particles are embedded in an acrylic resin with a refractive index n 0 = 1.5, the complex index of refraction for the particles used in the following calculations should be changed from (n -ik) to (n -ik)/n 0 .
Radiative Properties of Single Particles
Once the complex index of refraction and the size of the particle is known, the radiative properties, usually represented by the extinction efficiency factor Q ext , scattering efficiency factor Q sca , and scattering phase function Φ( Θ ), can be calculated by solving the Maxwell's equations [20] 2 1
The Mie scattering coefficients a n and b n are complex functions of x and y = mx,
where the function ψn and ζn are known as Riccati-Bessel functions.
The nondimensional polarized intensities i 1 and i 2 in Eq. (3) are calculated from
where the directional dependent functions πn and τn are related to Legendre polynomials P n by (cos ) (cos ) cos
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The Mie theory is applied to calculate the radiative properties of single particles in this work.
The calculation code is revised based on the code authored by Modest [20] . Test results calculated by the present code have very good consistency with those by Mahan [21] , which shows the reliability of results calculated by both codes.
Spectral Reflectivity and Emissivity of Coatings
In order to fabricate a coating with uniform and required radiative properties, a large number of particles need to be dispersed uniformly in a matrix. In this work, the particle volume fraction is kept at a small value (< 5%), so only independent scattering is considered. If After the effective radiative properties of the coating are obtained, the calculation model of the spectral reflectivity and emissivity of the coating can be simplified as shown in Fig. 3 . The particle embedded coating is considered as a homogeneous medium with specified scattering coefficient σ sλ , absorption coefficient κ λ , and scattering phase function Φ Τλ ( Θ ). The carbon black layer at the bottom is considered as the black boundary of the top TiO 2 layer.
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Radiative Cooling Power of Coatings
Consider a surface coated with the coating at temperature T, the net cooling power P net of the coating with area A is given by [9] ( ) ( ) ( ) net rad atm amb sun cond conv
P T P T P T
where T amb is the ambient temperature. P rad is the power emitted by the coating, P atm is the absorbed power from the atmosphere radiation, P sun is the absorbed solar power, P cond+conv is the absorbed power due to conduction and convection. They can be calculated by [9] 
where I B (T, λ) is the blackbody spectral intensity, ε (λ, θ) is the directional emissivity of the coating at wavelength λ, α(λ, 0) is the normal absorptivity of the coating at wavelength λ, ε atm (λ, θ) = 1 -t(λ)
is the directional emissivity of the atmosphere, where t(λ) is the atmospheric transmittance in the zenith direction [24] . The atmospheric transmittance varies with the column water vapor and air mass value.
The column water vapor is assumed to be 1.0 mm and the air mass is 1.5 in the following calculations.
I AM1.5 (λ) is the solar illumination with direct normal irradiance of 900 W/m 2 [25] . h c is the combined conduction and convection heat transfer coefficient. In Eq. (18) it is assumed that the coating is facing the sun, so the absorptivity is equal to the emissivity in normal direction of the coating according to Kirchhoff's law.
RESULTS AND DISCUSSION

Ideal Radiative Coolers
The ideal radiative cooler is considered as the cooler with the ideal selective radiative properties, which can achieve the maximum net cooling power under specified surrounding conditions. As indicated in Eq. (15), the net cooling power of a radiative cooler is determined by four terms. The last term of the absorbed power due to conduction and convection is not affected by the cooler's radiative properties but the surrounding conditions, so it's not considered here to determine the ideal selective radiative properties of the cooler. Apparently, the ideal cooler needs to be an ideal emitter in the "sky window" and also an ideal reflector in the solar spectrum. Other than these two spectral ranges (0.3-2.5 and 8-13 µm), the radiative property variation may have two opposite influences on the cooling power. For example, when the radiative cooler's temperature is lower than the atmosphere temperature, the increase of the surface emissivity will increase the cooler's emission power, at the same time, the power absorbed from the atmosphere also increases.
Figure 4(a) shows two ideal emitters which both have ideal radiative properties in the solar spectrum and the "sky window". However, outside of these two spectral ranges they have completely different properties, one with unity emissivity and the other with zero emissivity. The ambient temperature is assumed to be 300 K. The cooling powers of these two emitters are shown in Fig. 4(b) .
According to the figure, emitter 1 can achieve a lower equilibrium temperature (the cooling power is equal to zero) than emitter 2, since it doesn't absorb heat from the atmosphere when its temperature is lower than the ambient. On the other hand, emitter 2 can generate more cooling power than emitter 1 if the surface temperature is higher than 280 K. As discussed before, when the surface temperature is lower than the ambient temperature, the emissivity increase outside of the spectral ranges of the solar spectrum and the "sky window" will enhance the emission from the surface and the absorption from the atmosphere at the same time. When the surface temperature is higher than a specific value (280 K in this case), the increase in emission is dominant over the increase in absorption, leading to a better cooling performance of emitter 2.
(a) (b) Figure 4 Cooling performance of two ideal emitters (a) spectral emissivity (b) cooling power
In a word, the ideal radiative cooler must be an ideal reflector in the solar spectrum range and an ideal emitter in the "sky window". Outside of these two spectral ranges, depending on the cooling purpose (low equilibrium temperature or high cooling power) and operation temperature, the requirement of the spectral radiative properties may be different. In the following discussion, we will mainly focus on the radiative properties in the solar spectrum and the "sky window".
Radiative Properties of Particle Embedded Coatings
In order to investigate the effect of particle sizes, four coatings embedded with titanium dioxide particles with radius r = 0.1, 0.2, 0.3, and 0.4 µm respectively are considered. The particle volume fractions of the coatings are kept the same at 4%. The thickness of the coatings is 500 µm. The scattering coefficients of these coatings are shown in Fig. 5(a) . Each curve shows a scattering peak which shifts to longer wavelength as the particle sizes increase. Also, as the particle size increases, the scattering coefficient has a weaker dependence on the wavelength. The spectral reflectivity is calculated under the normal irradiation in Fig. 5(b) . It can be seen that as the particle size increases, the reflectivity in long wavelength increases and the curve becomes relatively flat in the whole solar spectrum, but the reflectivity in the visible band becomes smaller. Therefore, changing the particle size yields two opposite effects for daytime radiative cooling performance, and the particle size optimization will be accomplished in the next section.
(a) (b) Figure 5 Radiative properties of particle embedded coatings (a) scattering coefficient (b) reflectivity
The reflectivity in the "sky window" for all four coatings is very small (not shown in Fig. 5) since the particles are too small to be "seen" by the long wavelength in the "sky window". This leads to a high emissivity of the coating in this spectral range and benefits for emitting heat to the deep space.
(a) (b) Figure 6 Emissivity of the coating with particle radius r = 0.2 µm (a) normal direction (b) average emissivity in the "sky window" (8 -13 µm)
The spectral and directional emissivity of the double-layer coating is shown in Fig. 6 . Since all the coatings with different particle sizes have similar trend, only the coating embedded with particles of 0.2 µm in radius is shown here for brevity. The coating thickness is 500 µm and the volume fraction of particles is 4%. The carbon black layer is considered as a black substrate. The spectral emissivity in the normal direction is shown in Fig. 6(a) . Because there is no transmission through the coating, the sum of the spectral reflectivity ρ and absorptivity α is equal to unity. According to Kirchhoff's law the emissivity ε equals to the absorptivity α, then we have ρ = 1 -ε. From the figure, the coating has low emissivity in the solar spectrum, especially in the short wavelength range in which the sun irradiates strongly. About 91% of the solar energy is reflected by the coating, which is very important for the daytime cooling. At the same time, the coating has very high emissivity (more than 0.95) in the "sky window" and can maximally emit heat out to the deep space.
Figure 6(b) shows the directional average emissivity in the "sky window". The emissivity is more than 0.90 in most directions except when the angle is larger than 60 degrees. This is a good feature to maximize the emission power (P rad ) according to Eq. (16). The results in Fig. 6 show that the coating has the desirable properties for daytime radiative cooling.
Cooling Performance of Particle Embedded Coatings
The cooling performance of coatings embedded with different size particles is shown in Fig. 7 .
The power emitted by the coating (P rad ), the absorbed power from the atmosphere radiation (P atm ), the absorbed solar power (P sun ), and the net cooling power (P net ) are plotted in this figure. The coatings are the same as those shown in Fig. 5 . The ambient temperature is 300 K and the coating is assumed to be held at the same temperature as the ambient. Therefore, there is no net conduction or convection.
As shown in the figure, the emitted power by the surface (P rad ) and the absorbed power from the atmosphere (P atm ) do not change much as the particle size varies. This is because P rad and P atm are mainly influenced by the radiative properties in the infrared range (λ > 4.5 µm), and different size of the particles does not cause much difference of the radiative properties at long wavelength. On the other hand, the absorbed power from the solar (P sun ) is mainly influenced by the radiative properties in the solar spectrum (0.3 -2.5 µm), which varies significantly with different particle sizes. The coating with particle radius of 0.2 µm absorbs the least solar energy and has the best cooling performance among the considered coatings. The radius of 0.2 µm is considered as the optimized size of the titanium dioxide particles for the daytime radiative cooling, and the following discussion will focus on the coating embedded with these specific particles. [26] , and assume the coating is coated on a structure such as the polystyrene and the conduction coefficient is negligible compared to the convection coefficient. The ambient temperature is 300 K.
As shown in Fig. 8(a) , this coating has the potential to achieve a net cooling power of 100 W/m 2 at ambient temperature under direct solar irradiation. At nighttime the cooling power is more than 180 W/m 2 at the ambient temperature as shown in Fig. 8(b) . The coating can achieve an equilibrium temperature of 278 K and 255 K at daytime and nighttime, respectively. Consider a practical case, if the wind speed above the coating is around 3 m/s, which corresponds to the case that h c is equal to 12 W/(m 2 K), the cooling power at the ambient temperature is not affected. The cooling power at the temperature higher than the ambient temperature is even larger than the case of h c = 0 thanks to the cooling effect by the convection. When the surface temperature is lower than the ambient temperature, the convection results in heating, and the coating can still achieve cooling effect with the equilibrium temperature of 294 K at daytime and 289 K at nighttime.
(a) (b) Figure 8 Cooling power of the coating with particle radius r = 0.2 µm (a) at daytime (b) at nighttime
CONCLUSIONS
In this work we have proposed a cost-effective double-layer coating embedded with particles for the first time for both nighttime and daytime radiative cooling. The two layers are acrylic resin embedded with titanium dioxide and carbon black particles. First, the radiative properties of ideal radiative coolers are analyzed. The ideal radiative cooler must have high reflectivity in the solar spectrum and high emissivity in the atmospheric transparency window. Outside of these two spectral ranges, depending on the cooling purpose and operation temperature, the requirement of the spectral radiative properties is different. Then, the cooling performance of the designed double-layer coatings is investigated. The spectral reflectivity and emissivity of the coating are calculated by the Mie theory and solving the Radiative Transfer Equation. Different sizes of the titanium dioxide particles are examined for the cooling purpose. Results show that the coating embedded with particles of 0.2 µm in radius has the best cooling performance. More than 90% of the solar irradiation can be reflected, and the average emissivity in the atmospheric transparency window is larger than 0.9 in most directions.
Net cooling power over 100 W/m 2 at daytime and over 180 W/m 2 at nighttime is achieved at ambient temperature. The lower achieved equilibrium temperature than the ambient temperature shows the cooling effect persists even taking consideration of significant conduction and convection heat exchange.
